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Phosphoramidites as ligands for copper 
in catalytic asymmetric C-C bond forming reactions  






Organic chemistry is about making organic molecules and the study of their reactivity and 
properties. The synthesis of organic molecules involves the construction of C-C bonds and in 
this thesis three C-C bond forming reactions are discussed: the 1,4-addition, the tandem 1,4-
addition-aldol reaction and the allylic alkylation. These reactions were discovered a long 
time ago and have been investigated intensively over the years. In 1941, Kharasch found that 
transition metal ions catalyze these reactions among other C-C bond forming reactions. This 
breakthrough initiated not only the discovery of many other C-C bond forming reactions but 
gave chemists a unique possibility to manipulate the results of these reactions by using 
ligands (electron donating compounds) which can coordinate to the transition metal ions 
used. Because chirality is an important feature in organic chemistry main investigations 
were started in the ‘70s into the used chiral ligands to make new enantiomerically pure 
molecules by asymmetric C-C bond forming reactions. Although asymmetric synthesis is 
now one of the most intensively studied areas in chemistry, numerous catalytic asymmetric 
C-C bond forming reactions still cannot not be carried out with complete stereocontrol. This 
challenge, which is essential for the development of new drugs, flavors, fragrances and 
agrochemicals, is the basis for the investigations described in this thesis.  
The chiral ligands used are phosphoramidites, a class of phosphorus compounds 
hardly used as ligands for transition metal ions. Furthermore, all the reactions presented are 
copper catalyzed as it was discovered that the combination of phosphoramidites and copper 
salts form very selective catalysts for several C-C bond formation reactions including the 1,4-
addition, the tandem 1,4-addition-aldol reaction and the allylic alkylation. The 
enantioselective copper catalyzed tandem 1,4-addition-aldol reaction was used for the total 
synthesis of a Prostaglandin E1 methyl ester.  
In chapter 1 a short introduction to organic chemistry, chirality and the synthesis of 
enantiomerically pure compounds is given.  
In chapter 2 the basic principles of the 1,4-addition reaction are described and a 
literature review on the enantioselective copper catalyzed 1,4-addition with organozinc 













Scheme 5.1 Catalytic asymmetric 1,4-addition of diethylzinc to 2-cyclohexenone. 
 
The model reaction used in the present studies is the addition of diethylzinc to 2-
cyclohexenone (Scheme 5.1). 
The synthesis of 20 new phosphoramidite ligands is described in chapter 3. 
Furthermore, limitations of the synthesis method, an alternative synthesis route and 
properties of these compounds are presented. Examples of copper phosphoramidite 
complexes are discussed together with spectroscopic data demonstrating that their 
complexation behavior is unique in comparison with other trivalent phosphorus 
compounds.  
In chapter 4 a brief review about organozinc reagents and their synthesis is given. In 
addition, their physical and chemical properties are explained in order to understand their 
reactivity, especially in asymmetric C-C bond formation reactions. Furthermore, the first 
example of a catalytic 1,4-addition with absolute stereocontrol is presented. The application 
of a number of different dialkylzinc reagents gives the corresponding 3-substituted 
cycloalkanones with excellent enantiomeric excess (ee) (Scheme 5.2). This breakthrough was 
















Scheme 5.2 Highly enantioselective copper catalyzed 1,4-addition of dialkylzinc reagents to 2-
cyclohexenone. 
 
Instead of protonation of the zinc enolate in the 1,4-addition to provide the corresponding β-
substituted ketones, electrophiles were used in a tandem approach for α−functionalization 
of the ketones or for the synthesis of stable enantiomerically pure enol ethers. Unsaturated 
lactones were also applied as substrates which resulted in the corresponding 1,4-addition 
products with moderate ees.  
The use of a variety of new chiral phosphoramidites as ligands in the copper 
catalyzed 1,4-addition of diethylzinc to cyclic and acyclic enones is presented in chapter 5. 
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Surprisingly, with many phosphoramidites we achieved excellent enantioselectivities in the 
1,4-addition with 2-cyclohexenone and 2-cycloheptenone. For 2-cyclopentenone, low to 
moderate asymmetric inductions were observed whereas for the acyclic enone chalcone 
good to very good enantioselectivities were achieved with a number of ligands. For each 
ligand used the rate constants of the 1,4-addition of diethylzinc to 2-cyclohexenone and 
chalcone were calculated. A comparison of rate constants and enantioselectivities with the 
structures and 31P-NMR data for the phosphoramidites used suggested no general trend in 
the studied catalytic 1,4-additions. A further aspect of the investigation was the “double 
stereodifferentiation”. Most of chiral P,N ligands employed bear two chiral moieties 
resulting in a matched and mismatched combination based on the results of the asymmetric 
inductions in the copper catalyzed 1,4-addition. Match-mismatch effects depending on 
structure and configuration of the ligand were found. Supported by experimental data 
obtained for the copper catalyzed- and cuprate-mediated 1,4-addition to enones, a catalytic 
cycle is proposed with the participation of zinc enolates. Under optimal reaction conditions 
exceptional turnover frequencies of > 36000 h-1 were obtained for the asymmetric catalytic 
1,4-addition. 
A new synthetic method, described in chapter 6, has been developed for 
cyclopenten-3,5-dione monoacetals, which gives access to a variety of these acetals in 
































threo:erythro >95:5 ee: up to 97%  
Scheme 5.3 Synthesis of cyclopenten-3,5-dione monoacetals and their use in the asymmetric 
catalytic tandem 1,4-addition-aldol reaction. 
 
The copper/phosphoramidite L2 catalyzed 1,4-addition of dialkylzinc to these 
enones resulted in excellent ees for the corresponding products. Furthermore, using these 
compounds as substrates in the catalytic asymmetric tandem 1,4-addition-aldol reaction 
with different dialkylzinc reagents and aldehydes gave almost exclusively the trans-threo 
hydroxy ketones in up to 76% yield and with ees up to 97% (Scheme 5.3). The means that 










In chapter 7 the successful application of the catalytic enantioselective tandem 1,4-
addition-aldol reaction in the total synthesis of Prostaglandin E1 methyl ester is presented 










































Prostaglandin E1 methyl ester
5 steps
 
Scheme 5.4 A total synthesis of a PGE1 methyl ester using a catalytic asymmetric tandem 1,4-
addition-aldol reaction. 
 
The key step in this novel synthesis was carried out in the presence of 3 mol% of 
Cu(OTf)2/L2 catalyst, a cyclopenten-3,5-dione monoacetal, a silyl protected unsaturated 
aldehyde and a functionalized zinc reagent affording after reduction the depicted diol as a 
single diastereomer in 63% yield and with 94% ee after purification. The further synthetic 
steps involved protodesilylation, esterification, allylic transposition, hydrolysis and 
deacetalization. Although a few catalytic methods for the synthesis of PGs are available, this 
is the first catalytic asymmetric method using only achiral starting materials except for the 
chiral catalyst. 
The copper catalyzed allylic alkylation is the third type of catalytic asymmetric C-C 
bond formation reaction discussed in this thesis and is introduced in chapter 8. The 
development of an enantioselective version of this reaction started in 1995. A general 
catalytic system for different substrates achieving high enantioselectivities in the allylic 
alkylation has not been developed yet. Furthermore, new mechanistic implications for the 
catalytic allylic alkylation are discussed.  
The enantioselective copper catalyzed allylic alkylation with dialkylzinc reagents 
using phosphoramidites as ligands has been developed and the results are presented in 
chapter 9. Starting from disappointing initial experiments an exhaustive investigation was 
carried out screening solvents, metal salts, reaction temperatures, ligands etc. The first 
success was achieved with the following system: cinnamyl bromide, diethylzinc, diglyme, 
CuBr•Me2S and L2 at a temperature of -40°C to -10°C. The combined yield was 54% and the 
SN2’ product was obtained with a regioselectivity of 84% and an enantioselectivity of 77%.  
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Further optimizations resulted in a catalytic allylic alkylation of cinnamyl bromide in 
which the yield (74%), regioselectivity (SN2’/SN2 = 93:7) and enantioselectivity (86%) were 
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Scheme 5.5 Catalytic enantioselective allylic alkylation with diethylzinc. 
 
Substituted cinnamyl bromides gave similar results but using other substituted 
allylic bromides it turned out that the ligand structure has to be tuned to obtain similar 
enantioselectivities. Trisubstituted alkenes gave significantly lower enantioselectivities in 
this reaction. An important feature of this reaction is the possibility to synthesize chiral 
hydrocarbons with an exocyclic double bond adjacent to the chiral center. 
 
